Abstract Cognitive functions are dependent upon intercommunications between the cellular components of the neurovascular unit (NVU). Vascular risk factors are associated with a more rapid rate of cognitive decline with aging and cerebrovascular diseases magnify both the incidence and the rate of cognitive decline. The causal relationship between vascular risk factors and injury to the NVU is, however, lacking. We hypothesized that vascular risk factors, such as hypertension and dyslipidemia, promote disruption of the NVU leading to early cognitive impairment. We compared brain structure and cerebrovascular functions of 1-year old (middle-aged) male wild-type (WT) and atherosclerotic hypertensive (LDLr −/− :hApoB +/+ , ATX) mice. In addition, mice were subjected, or not, to a transverse aortic constriction (TAC) for 6 weeks to assess the acute impact of an increase in systolic blood pressure on the NVU and cognitive functions. Compared with WT mice, ATX mice prematurely developed cognitive decline associated with cerebral micro-hemorrhages, loss of microvessel density and brain atrophy, cerebral endothelial cell senescence and dysfunction, brain inflammation, and oxidative stress associated with blood-brain barrier leakage and brain hypoperfusion. These data suggest functional disturbances in both vascular and parenchymal components of the NVU. Exposure to TAC-induced systolic hypertension promoted cerebrovascular damage and cognitive decline in WT mice, similar to those observed in sham-operated ATX mice; TAC exacerbated the existing cerebrovascular dysfunctions and cognitive failure in ATX mice. Thus, a hemodynamic stress such as systolic hypertension could initiate the cascade involving cerebrovascular injury and NVU deregulation and lead to cognitive decline, a process accelerated in atherosclerotic mice.
Introduction
Cardiovascular diseases (CVD), such as hypertension, atherosclerosis and stroke, and neurological disorders such as sporadic Alzheimer disease (AD) or consecutive to cerebrovascular diseases such as vascular cognitive https://doi.org/10.1007/s11357-019-00070-6 O. de Montgolfier : É. Thorin impairment and dementia (VCID), commonly occur concomitantly in the elderly (Donnan et al. 2008; Taylor et al. 2017) . When combined, CVD and neurological disorders may be the highest determinant of whether individuals develop dementia (DeCarli 2012) . Midlife CVD increase the risk of late-life dementia (Fotuhi et al. 2012) and individuals who present a history of vascular risk factors also show a more rapid rate of cognitive decline (O'Donnell et al. 2012) . Epidemiological studies in individuals with AD or in the elderly identified vascular complications associated with peripheral or brain diseases as risk factors for AD (Breteler 2000; de la Torre 2002) . Altogether, this suggests that cognitive decline may be unveiled by brain vascular abnormalities and in particular brain microvascular abnormalities (de la Torre 2002; de Montgolfier et al. 2019; Zlokovic 2002) .
Vascular cells (endothelial, smooth muscle cells (VSMC), pericytes) share intimate interactions with brain tissues (astrocytes, neurons, their axons, and other supporting cells), forming the neurovascular unit (NVU), which is crucial for brain homeostasis (Iadecola 2004) . Alterations in vascular integrity evidenced in patients by augmented blood-brain barrier (BBB) permeability (Nation et al. 2019 ) have downstream effects within the NVU, including changes in blood flow dynamics, cerebrovascular autoregulation, and neuroinflammation (Toth et al. 2013) , as well as neuronal and synaptic dysfunctions (Zlokovic 2008) . Consequently, a disruption of the NVU, which occurs in aging and in neurodegenerative diseases, is associated with cognitive decline (Kisler et al. 2017) . Changes in vascular homeostasis may precede neurodegenerative disorders observed with aging (Nation et al. 2019; Zlokovic 2011 ), but relatively little is known about the causal relationship between vascular risk factors and disruption of the NVU. It is essential to better understand how vascular risk factors influence brain function to propose preventive interventions and treatments that could protect cognitive skills and abilities in the elderly.
Using our severely dyslipidemic and spontaneously atherosclerotic LDLr −/− :hApoB +/+ (ATX) mice that display mild hypertension and both peripheral and cerebral vascular dysfunction including carotid stiffening (Bolduc et al. 2011; Drouin et al. 2011a) , we hypothesized that they were more susceptible to vascular stress, which would lead to premature loss of BBB integrity, NVU uncoupling, and cognitive impairment. We then explored whether an acute exogenous vascular stress induced by a systolic pressure overload, using TAC surgery as a model of isolated systolic hypertension, would result in a cognitive decline in WT mice similar to that observed in naïve ATX mice and lead to aggravated brain damage in ATX mice. Our results suggest that in ATX and in TAC mice, the NVU uncoupling associated with vascular dysfunctions is determinant to the premature decline of brain and cognitive functions. We propose that a hemodynamic vascular stress such as systolic hypertension could initiate the cascade involving cerebrovascular injury and NVU deregulation and lead to cognitive decline, a process accelerated in dyslipidemic and hypertensive ATX mice.
Methods

Animals
We used male dyslipidemic LDLr −/− ;ApoB 100 +/+ (ATX) mice (C57Bl/6J/SJL/129S mixed background) (n = 44) and male C57Bl/6J wild-type (WT) mice (n = 45) (Bolduc et al. 2011) . ATX mice develop atherosclerotic lesions in the aorta by the age of 6 months (Bolduc et al. 2011 ) with elevation in circulating levels of lipids between 3 and 12 months of age (Drouin et al. 2011b) ; cerebral arteries of 12-month-old ATX mice do not present macroscopic signs of atherosclerosis (Drouin et al. 2011b) . ATX mice maximal life expectancy is reduced compared to WT mice (25.2 vs. 32.8 months, p < 0.05; Fig. 1a ). All experiments were performed in 1-year-old mice in accordance with the Guide for the Care and Use of Experimental Animals of the Canadian Council on Animal Care and the Guide for the Care and Use of Laboratory Animals of the US National Institutes of Health (NIH Publication No. 85-23, revised 1996) and the study was approved by the Montreal Heart Institute Ethics Committee (ET No. 2015-62-01) . Mice were kept under standard conditions (24°C; 12-h:12-h light/dark cycle) and were fed ad libitum with regular chow (2019S; Harlan Laboratories, Madison, WI, US).
Surgical procedure and blood pressure measures
Transverse aortic constriction (TAC) was performed in mice as previously reported (de Montgolfier et al. 2019 ) using the method initially described by Rockman and collaborators (Rockman et al. 1991) . In brief, in 10.5-month-old mice anesthetized with 2% isoflurane via inhalation, TAC-induced hypertension in the right brain hemisphere (ipsilateral side) was performed between truncus anonymous and the left carotid, with a 7.0 nylon suture ligature placed around the aorta. A 27-gauge (0.4 mm diameter) needle was placed against and tied to the aorta with the suture. Then, the needle was removed promptly to yield a constriction with a diameter approximately equal to that of the needle, producing a6 0% aortic constriction. Another group of mice underwent the same surgical procedure without realizing aortic stenosis and were used as control (sham). After 6 weeks of constriction (at the age of 1 year), blood pressure (systolic and diastolic pressures) in the right carotid artery was monitored under anesthesia (44 mg/kg ketamine [Bimeda-MTC, Cambridge, ON, Canada] and 2.2 mg/kg xylazine [Bayer, Mississauga, ON, Canada], intra-peritoneal) using a Millar catheter (Millar Instruments, Houston, TX, USA) to confirm an increased in pulse pressure (PP) on the right ipsilateral side (de Montgolfier et al. 2019) . Mice were then euthanized and heart weight and total body weight were recorded (Fig. 1b) . Perioperative mortality was also noted (Fig.1c) .
MRI acquisitions and data analysis
Magnetic resonance imaging (7T-MRI) was performed in anesthetized 1-year-old mice to measure cerebral blood perfusion using a CASL technique as previously described (de Montgolfier et al. 2019) . Anatomical scans were also performed using a 3D true free induction with steady-state precession (TFISP) sequence (Pouliot et al. 2017 ) at 100-μm isotropic resolution. All mice were initially anesthetized with 5% isoflurane in oxygen and then transferred to an animal holder within the magnet where they were maintained under 1.5-2.5% isoflurane in 30% oxygen in air and their body temperature was maintained at 37.0°C using a warm air fan (SA Instruments, Stony Brook, NY). Respiration (target = 100, allowed range before adjusting isoflurane = 80-120 BPM) and heart rate were monitored, the latter with a pulse oximeter. The computations were performed using Advanced Normalization Tools (ANTs) (Avants et al. 2008; Avants et al. 2011; Tustison et al. 2010 ) (version 2.1.0), called from Matlab, and run on a server (Briarée, Calcul Québec, Canada). The physical dimensions in the headers of all images were initially multiplied by a factor of 10, thus making a mouse brain of comparable size to a human brain. This helped with running the ANT scripts on mice, suggesting that some dimension parameters in ANTs are hard-coded.
Co-registration Brains of all mice were manually masked using ITK-SNAP (version 3.6) (Yushkevich et al. 2006 ). An initial template was then constructed using the antsMultivariate-TemplateConstruction2.sh ANTs script. To help with achieving higher spatial sensitivity, the brains were digitally up-sampled by a factor of 2 in each dimension. To improve on the initial manual masks and on the template construction, a template mask larger than the brain by several voxels in all directions was projected onto all the brains, and the ANTs script was re-run allowing for more iterations at each stage. This resulted in extracted brains, linear and non-linear transformation parameters, and a template with 50-μm isotropic resolution. A 32-μm isotropic resolution ex vivo atlas with 62 structures was coregistered to that template (Dorr et al. 2008 ) and its labels were projected onto each brain in native space. A thorough visualization of all co-registrations superposed with the atlas labels was made by generating mosaics of cuts in the three standard orthogonal planes.
Segmentation The antsAtroposN4.sh ANTs script was used to generate a four-tissue segmentation of the template (GM = gray matter, WM = white matter, DGM = deep gray matter). Options used consisted in the HistogramParzenWindow (Avants et al. 2011; Yushkevich et al. 2006 ) option in ANTs, and setting the mrf parameter to 0.005, while keeping the default 0.25 weight for priors. The output was a segmentation image of the template and tissue probability posteriors. These were then used as priors, after projection to the native space of each brain, for the application of the antsAtroposN4.sh script to each mouse brain. The segmentations were also visualized thoroughly with mosaics as for the co-registrations above.
Volumes of segmented brain regions of interest were normalized to total brain volume within the corresponding genotype. Partial volumes were computed from the intersections of the atlas with the four-tissue segmentation, which was reduced to three tissues by combining deep gray matter with gray matter. To reduce the number of voxels in an atlas region which belonged to a tissue segmentation type different from its main type (e.g., gray matter voxels in the corpus callosum or white matter voxels in the cortex), cerebrospinal fluid voxels from the segmentation were all assigned to ventricles in the atlas, and then two iterations of the following assignment algorithm were applied: each atlas region was grown outward by one voxel and the new atlas region was defined as the intersection of the grown region with the voxels of the segmentation that are of the correct type for that region.
Neurobehavioral tests Neurobehavioral tests were performed in 1-year-old mice as previously described (de Montgolfier et al. 2019) . Animals were assigned to groups randomly. The Morris Water Maze test was performed to assess learning and spatial memory. The water maze apparatus consisted of a white circular pool of 150 cm in diameter and 60 cm in height, filled with water made opaque with non-toxic white paint kept at a temperature of 22°C. A plastic transparent platform (10 cm in diameter) was placed 1.5 cm below the water surface and 40 cm from the edge of the pool, except on day 1 (habituation phase) where the platform was placed 0.5 cm above the water surface. The entire procedure took 11 days. Mice were individually transferred from the home-cage to the pool. Release points were balanced across four symmetrical positions on the pool perimeter. Each day of the test, mice underwent four trials during which they were allowed to freely swim for 60 s or until they found and climbed onto the platform; each trial was spaced from the other by a 60-min inter-trial interval. Platform finding was defined as staying for at least 3 s on the platform. On day 1, during the habituation phase, mice that did not find the platform were trained in locating it by placing them on the platform for 30 s at the end of the trial. Then, 48 h later, the acquisition phase started on day 3 (and during 5 days in a row); mice that did not find the platform were trained in locating it by placing them on the platform for 30 s at the end of the trial. On the fifth day of the acquisition phase and 48 h after the last acquisition trial, the platform was removed from the pool and each mouse was tested for memory retention in a 60-s probe trial. During the probe trial, the time spent in the target quadrant (TQ) of the maze (where the platform was located) was scored as a reliable measure of memory retention 72 h after the last acquisition trial. The swim path of the mice and the time spent in the target quadrant were recorded by means of a computer-based video-tracking system Smart (version 3.0, Panlab/Harvard Apparatus). For the probe phases, the variables recorded were time spent in each quadrant. All recordings were automatically quantified without human intervention.
The Y-maze test was performed to assess spatial working memory. The Y-maze test is based on spontaneous alternation behavior and is used to measure spatial working memory. The maze consists of three arms (41 cm long, 16 cm high, and 9 cm wide, labeled A, B, or C) diverging at a 120°angle from the central point. The experiments were performed in a dimly illuminated room, and the floor of the maze was cleaned with super hypochlorous watersoaked paper after each mouse to avoid olfactory cues. Each mouse was placed at the end of the starting arm and allowed to move freely through the maze during a 5-min session. The sequence of arm entries was manually recorded with strict criteria (standard operating procedures) to assure independence from the experimenter: (1) a mouse was considered to have entered an arm when all four paws were positioned in the arm runway; (2) an actual alternation was defined as entries into all of the three arms on consecutive occasions. The maximum alternation was subsequently calculated by measuring the total number of arm entries minus 2 and the percentage of alternation was calculated as (actual alternations/maximum alternations)×100. Total number of arms entered during the sessions (reflecting locomotor activity) was also recorded. Mice that entered arms less than eight times during the test were eliminated because the data obtained from those mice were not considered to be representative.
Cerebral vessels and parenchymal isolation
After blood pressure acquisition and euthanasia, brains were rapidly removed and cut sagittally into contralateral and ipsilateral hemispheres as previously described (de Montgolfier et al. 2019) . The hemispheres were snap frozen in liquid nitrogen and stored at − 80°C. Ipsilateral brain hemispheres were homogenized in ice-cold PBS buffer (pH 7.4 supplemented with phosphatase and protease inhibitor cocktail) (Sigma-Aldrich, Oakville, ON, Canada) with a loosely fitting Dounce homogenizer, and centrifuged at 2000g for 5 min at 4°C. The nonvascular supernatant was removed and stored on ice. The vascular pellet was re-suspended in PBS and centrifuged at 2000g for another 5 min at 4°C. The supernatant was combined with the first non-vascular supernatant and centrifuged for 10 min at 3000g at 4°C. The resulting pellet containing the parenchymal fraction was stored at − 80°C in QUIAZOL buffer (Qiagen, Montreal, QC, Canada) until RNA extraction. The vascular pellets were re-suspended in PBS and centrifuged at 2000g at 4°C. The supernatant was discarded and the pellet re-suspended in cold PBS (twice). Then, the resuspended pellet was passed through a 50-μm nylon mesh (CellMicroSieves, Biodesign, Carmel, NY, USA) and microvessels retained on the mesh were washed with cold PBS. Microcerebral vessels were collected in cold PBS and centrifuged for 10 min at 3000g at 4°C. The resulting pellet containing the cerebral vessels was stored at − 80°C in RLT buffer (Qiagen) supplemented with β-mercaptoethanol until RNA extraction. Thus, from the same mouse, gene expression was measured in both the microvascular and the parenchymal fractions of the brain. Purity of the two preparations was controlled by Western blot of eNOS and synaptophysin proteins (Fig. 2 ).
Endothelial function of cerebral arteries by pressurized arteriography
Freshly isolated brains were placed in ice-cold physiological salt solution (PSS; mmol/L: 130 NaCl; 4.7 KCl; 1.18 KH 2 PO 4 ; 1.17 MgSO 4 ; 14.9 NaHCO 3 ; 1.6 CaCl 2 ; 0.023 EDTA; 10 glucose; pH 7.4) aerated with 12% O 2 , 5% CO 2 , and 83% N 2 at 37°C. The middle cerebral artery (MCA) of the ipsilateral hemisphere was isolated, transferred to the arteriograph chamber (Living System Instrumentation, St-Alban, VT, USA), cannulated, and pressurized at 60 mmHg for endothelial function assessment as previously described (de Montgolfier et al. 2019; Drouin and Thorin 2009 ). The artery segment was equilibrated for 45 min, allowing for myogenic tone to develop. Because myogenic tone is very low in cerebral arteries from C57Bl/6 mice (Raignault et al. 2017) , arteries were pre-constricted to~25% of the initial diameter with phenylephrine (Sigma-Aldrich; 1 μmol/L) after equilibration and myogenic tone development, as previously reported (Raignault et al. 2017) ; then, dilatory responses were tested with a single cumulative concentration response curve to acetylcholine (Ach, Sigma-Aldrich; 10 −13 mol/L to 10 −4 mol/L). Responses to Ach were expressed as percentage of change in vessel diameter from pre-constriction tone.
Compliance of carotid and cerebral arteries
Reactivity and compliance studies were performed on different arterial segments from the ipsilateral hemisphere. Passive pressure-diameter curves were conducted in a Ca 2+ -free PSS containing 1 mM of EGTA to abolish myogenic tone and to assess the mechanical properties of the arteries (Bolduc et al. 2011; de Montgolfier et al. 2019 ). Internal and external diameter changes were measured after each increment of intraluminal pressure (from 10 to 120 mmHg with a first 10-mmHg step followed by 20-mmHg steps for cerebral arteries and from 60 to 180 mmHg with 20-mmHg steps for carotid arteries), to calculate mechanical parameters. The circumferential wall strain (strain, %) was calculated according to
, where D is the internal diameter at a given pressure and D initial mmHg is the initial diameter at the initial pressure (10 mmHg for cerebral arteries and 60 mmHg for carotid arteries) as previously described (Bolduc et al. 2011; de Montgolfier et al. 2019 ).
Arterial remodeling
Arterial remodeling was measured in isolated pressurized carotid and MCA segments used for the reactivity studies, and it was assessed by measuring the change in wall thickness (μm), as previously described (de Montgolfier et al. 2019 ).
Perfusion with Evans blue dye for brain barrier permeability
Evans blue perfusion was performed as previously described (de Montgolfier et al. 2019) . Briefly, mice were anesthetized with isoflurane, the thoracic cavity was opened, and the cardiac perfusion was performed first using PBS, followed by Evans blue cocktail (1% of Evans Blue in 4% PFA). Then, mice were decapitated and the brains were rapidly removed, post-fixed 4 h in 4% PFA, cryoprotected in 30% sucrose overnight at 4°C, snap frozen in liquid nitrogen, and stored at − 80°C. Cryotome 20-μm-thick coronal brain sections were fixed in 4% PFA for 1 h at RT (room temperature). After rinsing twice with PBS, slides were incubated for 20 min at RT in DAPI solution for nuclei staining (1:600, Thermo Fisher Scientific, Saint-Laurent, QC, Canada). After washing, slides were covered by mounting medium and coverslips for imaging. Blood-brain barrier permeability of the ipsilateral hemisphere was visualized and analyzed as Evans Blue fluorescence (excitation at 543 nm and emission at 680 nm) extravasation from microvessels in the parenchyma (de Montgolfier et al. 2019 ).
Histology and immunostaining
Coronal 30-μm-thick cryosections were mounted on glass slides (superfrost Plus, Fisherbrand, USA) and dried overnight. Four sections per mouse, located at + 1.32, − 0.82 (cortex), − 1.64 and − 2.92 (hippocampus and cortex) from Bregma were analyzed. Fluorescence was visualized using confocal microscopy (Zeiss LSM 510; Carl Zeiss, Dorval, QC, Canada). All images were analyzed with the ImageJ software (version 2.0, NIH). Microvessel density Fixed brain sections were washed with PBS and incubated at 4°C for 24 h in PBS containing the polyclonal rabbit anti-collagen IV antibody, (1:100, Abcam ab19808, Abcam Inc., Toronto, ON, Canada) supplemented with 1% BSA). Collagen IV is an established marker of the vessel basal lamina (Schmidt and von Hochstetter 1995) . After washing, slides were incubated at RT for 2 h in PBS containing Alexa Fluor 647 donkey anti-rabbit IgG (1:500, Abcam) and DAPI solution (1:600, Thermo Fisher Scientific), supplemented with 1% BSA. Finally, slides were washed with PBS and covered by mounting medium and coverslips for imaging using confocal microscopy. Microvessel density was quantified as a percentage of collagen IV positive area per region of interest (ROI).
Astrogliosis
Slides were incubated at 4°C for 24 h in PBS containing the polyclonal rabbit anti-GFAP antibody, (1:1200, Abcam ab7260) supplemented with 1% BSA. After rinsing with PBS, slides were incubated at RT for 2 h in PBS containing Alexa Fluor 488 donkey anti-rabbit IgG (1:1600, Abcam) and DAPI solution (1:600, Thermo Fisher Scientific), supplemented with 1% BSA. After rinsing twice with PBS for 5 min, slides were covered by mounting medium and coverslips for imaging using confocal microscopy. Astrocyte reactivity was quantified as a percentage of GFAP-positive area per ROI.
Dihydroethidium staining
After fixation in 4% PFA, brain slides were incubated with 5 μM dihydroethidium (DHE) solution (Sigma-Aldrich) and DAPI solution (1:600, Thermo Fisher Scientific) in a light-protected humidified chamber at 37°C for 30 min, covered with mounting medium and coverslips for imaging using confocal microscopy. Reactive oxygen species production and damage was quantified as a percentage of DHE relative fluorescence.
Prussian blue staining for micro-hemorrhage Prussian blue staining was performed as previously described (de Montgolfier et al. 2019 ). Brain sections were fixed in 4% PFA. After rinsing twice with PBS for 5 min, slides were incubated for 30 min at RT in the fume hood with freshly mixed 4% potassium ferrocyanide with 4% hydrochloric acid. Slides were rinsed under running tap water for 30 s. Next, slides were counter-stained using nuclear fast red at RT for 5 min, rinsed under running tap water for 1 min, dehydrated quickly in 95% and 100% ethanol, cleared in xylene, and covered by mounting medium and coverslips for imaging (Olympus BX45, Montreal, QC, Canada). The number of events per section was counted.
Total RNA extraction and real-time quantitative polymerase chain reaction Total RNA was extracted from ipsilateral hemispheres of both the microvessels and the parenchymal fraction using the RNeasy mini-kit (Qiagen) and RNeasy Lipid Tissue Mini Kit (Qiagen), respectively, according to the manufacturer's protocol. Total RNA was quantified using a NanoDrop ND-100 spectrophotometer (Thermo Fisher Scientific). Total RNA was reverse transcribed into first-strand complementary DNA with M-MLV reverse transcriptase (Thermo Fisher Scientific, Invitrogen) using random hexamer primers. The qPCR reactions were carried out on diluted reverse transcribed products by using the DNA-binding dye SYBR Green PCR Master Mix (Thermo Fisher Scientific) to detect PCR products with StepOnePlus Real-Time PCR System (Thermo Fisher Scientific). The primers of target genes (Tnfα, Il1β, Il6, Gfap, p21, p16, Sod2, Nox2, Nox4, Bax, Bcl2, Ocln, Cldn5, Pdgfrβ, Syp, Bdnf, NeuN, CycloA) were designed using Clone Manager software (Table 1 ). All samples were run in duplicate and the fold changes in gene expression were calculated by the ΔΔC T method using cyclophilin A as the housekeeping gene.
Statistical analysis
Statistical analyses were performed with the software Prism (Prism 7.0, GraphPad, San Diego, CA, USA). Statistical analysis of behavioral tests was performed with the program Smart (Smart 3.0, Panlab). Data are expressed as means ± standard error of the mean (SEM). All group comparisons were analyzed using two-way ANOVA; Sidak's multiple comparisons tests were performed when the interaction between Bgenotype^(WT versus ATX) and Bsurgery^(sham versus TAC) was significant (p < 0.05). Experimenters were not blinded to groups during data analysis except for confocal image analyses. N numbers reflects the number of mice included in each experiment. Group sizes were determined according to previous studies (Bolduc et al. 2011; de Montgolfier et al. 2019; Drouin et al. 2011a; Drouin et al. 2011b) .
Results
Mild hypertension, increased pulse pressure, and carotid stiffness in ATX mice are associated with cognitive impairment When compared to sham-WT mice, 1-year-old sham-ATX mice, exhibiting 5-fold higher cholesterol levels and ≈ 70% aortic atherosclerotic plaque (Drouin et al. 2011b) , are characterized by mild systolic and diastolic hypertension, a high pulse pressure (Fig. 3a) , and carotid stiffening illustrated by a thickening of the carotid wall and a decrease in compliance (Fig. 3b) . As expected, TAC surgery increased heart/body weight ratio after 6 weeks of aortic constriction in both WT and ATX mice (Fig.  1b) . Of note, ATX mice exhibited a higher (p < 0.05) mortality rate after surgery than WT mice (22% operative mortality rate in sham-and TAC-ATX mice vs. 9% in sham-and TAC-WT mice, p < 0.05; the surviving mice were all healthy) (Fig. 1c) . In addition, TAC increased ipsilateral (right side, i.e., the ipsi side to TAC-induced pressure overload) carotid systolic (but not diastolic) and pulse pressures in both WT and ATX mice (Fig. 3a) . TAC increased wall thickness and reduced compliance of carotids in WT mice but did not further alter these parameters in ATX mice (Fig. 3b) . In ipsilateral cerebral arteries, TAC surgery tended (p = 0.078) to increase MCA wall thickness in WT mice and to a lesser extent in ATX mice (Fig. 4a) , suggesting that TAC-induced pressure overload propagated to the brain vasculature. Arterial compliance measured in MCA was not different between WT and ATX mice and was not affected by TAC (Fig.  4b) . In addition, wall thickness in MCA of sham-ATX mice was similar to that of sham-WT mice (Fig. 4a) , confirming the lack of intimal thickening and atherosclerosis in these intracranial arteries. Indeed, an apparent Bprotection^of intracranial arteries from atherosclerosis has been reported based on the fact that atherosclerotic lesions are rarely observed in cerebral arteries from animal models (Didion et al. 2001; Drouin et al. 2011b ; StewartLee and Burnstock 1991). Regarding cognitive abilities, the percentage of alternation behavior in the Y maze was significantly decreased in 1-year-old sham-ATX mice (Fig. 5a ) compared to age-matched sham-WT mice, suggestive of a Fig. 4 a Wall thickness and b compliance of ipsilateral middle cerebral arteries isolated from WT (n = 4-6) and ATX mice (n = 4). Data are mean ± SEM premature dysfunctional working memory. TACinduced pressure overload promoted a reduction in the percentage of alternation behavior in WT mice and worsened dysfunctional working memory in ATX mice that failed the Y maze test (Fig. 5a ) (the percent of alternation behavior of TAC-ATX mice was not statistically different from 50%). In addition, compared to sham-WT mice, sham-ATX mice showed longer latency to reach the hidden platform during the learning phase of the MWM test (Fig. 5b) and spent significantly less time in the target quadrant during the probe test (Fig. 5c) , revealing learning and memory deficiencies. TAC reduced learning and memory capacities in WT mice as evidenced by a significantly increased latency (Fig. 5b) and a decrease in the time spent in the target quadrant (Fig. 5c) . In ATX mice, TAC did not further exacerbate the already low cognitive capacities (Fig. 5b, c) .
Of note, in the sham-WT control group, the alternation behavior percentage was statistically different from 50% in the Y maze behavioral test (Fig. 5a ) and the latency to reach the platform decreased significantly between day 1 and day 5 in the MWM test (Fig. 5b) , validating both tests. No change in the number of arm entries in the Y maze (right panel in Fig. 5a ) nor in swim speed in the MWM test (right panel in Fig. 5c ) were noticed between groups of mice, suggesting that neither the surgery nor the genotype had an impact on motor functions and anxiety.
Altogether, these data show that cardiovascular risk factors are associated with memory and learning impairment in mice, and that pressure overload induces (in WT mice) or exacerbates (in ATX mice) these cognitive dysfunctions.
Brains from ATX mice display a decrease in volume of specific areas involved in learning and memory Anatomical MRI scans revealed that sham-ATX mice exhibited differences in brain volumes compared to sham-WT mice: although no change in total brain volume was recorded between groups, ATX mice displayed smaller volumes in the hippocampus, cortex (entorhinal, occipital, parietotemporal), and septum, while the volume of the corpus callosum increased significantly in (Table 2) . No change in gray or white matter volumes was recorded in WT and ATX mice 6 weeks post-TAC (data not shown).
ATX mice display cerebral hypoperfusion, cerebral endothelial dysfunction, loss of microvessel density, and brain micro-hemorrhages Sham-ATX mice exhibited a significant decrease in cerebral perfusion in the whole brain and in cortical and hippocampal areas, compared to sham-WT mice (Fig. 6) . The TAC surgery significantly reduced cerebral perfusion in the ipsilateral side of the brain in WT mice, but had no additive effect in ATX mice (Fig. 6) .
Endothelium-dependent dilations to acetylcholine measured in isolated MCA were decreased in sham-ATX mice compared to sham-WT mice (Fig. 7a) . TAC impaired endothelium-dependent dilation in WT mice and further reduced dilation in MCA isolated from the ipsilateral hemisphere of ATX mice (Fig. 7a) . On the other hand, smooth muscle contractility to phenylephrine was similar among groups but tended to increase after TAC (Fig. 7b) .
The density of cortical and hippocampal microvessels, assessed by collagen IV immunostaining, was reduced in sham-ATX compared to sham-WT mice (Fig. 7c) . TAC reduced microvessels density in the ipsilateral cortex and hippocampus of WT mice and accentuated the loss of microvessels in ATX mice (Fig. 7c) . No Prussian bluepositive staining, a marker of micro-hemorrhages, was observed in sham-WT mice (Fig. 7d) ; in contrast, the presence of some micro-bleeds was detected in the cortex, but not the hippocampus, of sham-ATX mice (Fig.  7d) . TAC surgery induced micro-bleeds in the ipsilateral cortex of WT mice and accentuated their number in ATX mice (Fig. 7d) .
The cerebral vasculature of ATX mice is characterized by senescent markers and an increase in blood-brain barrier permeability Gene expression of the inflammatory markers Tnfα and Il1ß and of the oxidative stress marker Nox4 tended to increase in microvessels from the right ipsilateral hemisphere of sham-ATX mice compared to sham-WT mice (Table 3) . Expression of the senescent marker p16 was significantly increased in sham-ATX compared to sham-WT mice (Table 3) . There was no change in mRNA expression of the anti-apoptotic Bcl2 or pro-apoptotic Bax between WT and ATX mice (Table 3) .
In the ipsilateral microcirculation of WT mice, TAC surgery induced an inflammatory (higher Icam1 expression) and oxidative stress (higher ATX mice were smaller than WT mice but brain weight-to-body weight ratio was identical in WT (0.012 ± 0.000 g/g) and ATX (0.012 ± 0.000 g/g) mice. Each volume from the brain region of interest was normalized to the total brain volume within the corresponding genotype to avoid bias in change in cerebral volume due to smaller body size. Data are mean ± SEM. p < 0.05 vs. WT mice Nox2 expression) response, while the markers of senescence were reduced (lower p16 and p21 expression) and paralleled by an increase in Bax/Bcl2 ratio suggestive of apoptosis (Table 3) . In ATX mice, TAC further increased inflammation (higher Tnfα and Il6 expression), oxidative stress (higher Nox4 expression), while reducing senescence and activating apoptosis (Table 3) .
To further characterize the impact of vascular risk factors on the NVU, we next looked at the integrity of the blood-brain barrier (BBB). Transcript levels of brain endothelial tight junction proteins Zo-1 and Occludin were similar between sham-ATX and sham-WT mice, whereas the expression of Claudin-5 was significantly greater in ATX mice; mRNA expression of the pericyte marker Pdgfrß was similar in the two groups (Table 3 ). In addition, fluorescence microscopy brain images from sham-WT mice showed the presence of Evans blue dye only in blood vessels (Fig. 8) , whereas Evans blue staining in sham-ATX mice was also detected in the brain parenchyma (in both the cortex and hippocampus) (Fig. 8) , demonstrating leakage of the dye across the BBB suggestive of an increased BBB permeability. TAC surgery induced disruption of the BBB in WT mice as shown by Evans blue extravasation in the cortex (but not in the hippocampus) (Fig. 8) , and by the decrease in transcript levels of the tight junction proteins Zo-1, Occludin, and Claudin-5, and of Pdgfrß mRNA expression (Table 3) . Similarly, TAC in ATX mice reduced gene expression of the tight junction proteins (Table 3 ) and accentuated Evans blue diffusion into the parenchyma (Fig. 8) , demonstrating that TAC- Fig. 7 ATX mice display cerebral endothelial dysfunction, loss of microvascular density, and micro-hemorrhages. a Endotheliumdependent dilatory responses (%) to acetylcholine (ACh) were measured in ipsilateral middle cerebral arteries isolated from both WT (n = 5-8) and ATX (n = 5) sham and TAC mice. b Levels of pre-contraction induced by phenylephrine in ipsilateral middle cerebral arteries isolated from WT (n = 4-6) and ATX mice (n = 4). c Cerebral microvessel density (% of positive staining per region of interest, ROI) was assessed by immunohistochemistry staining of collagen IV in brain coronal cryosections in the ipsilateral side of the cortex and hippocampal areas from WT (n = 6) and ATX (n = 6) sham and TAC mice. Typical confocal microscope fluorescent images are shown; scale bar = 100 μm, for all images. d The presence of micro-bleeds (capillary hemorrhages) was visualized by Prussian blue staining of coronal slices in the ipsilateral side of the brain from both WT (n = 3) and ATX (n = 3) sham and TAC mice. Typical images are shown; scale bar = 0.5 mm, for all images. Data are mean ± SEM. *p < 0.05 vs. WT mice; $ p < 0.05 vs. sham mice (within the corresponding genotype) induced pressure overload worsened BBB dysfunction and leakage in ATX mice.
Brain tissues of ATX mice are characterized by an increase in inflammatory and oxidative markers and by the loss of synaptic and cognitive markers Immunostaining of the astrocytic protein GFAP in the cortex and the hippocampus was similar in sham-ATX compared to sham-WT mice (Fig. 9a) , but Gfap and Il6 transcript levels were increased in the parenchyma of sham-ATX compared to sham-WT mice (Table 4) . Staining of the DHE superoxide marker revealed an increase in brain superoxide anion levels in the cortex and hippocampus of sham-ATX compared to sham-WT mice (Fig. 9b) . In addition, Nox2 mRNA expression was greater in the brain parenchyma of sham-ATX mice compared to sham-WT mice (Table 4) . There was no change in the expression of the senescence or apoptotic markers in sham-ATX compared to sham-WT mice (Table 4) . Expressions of synaptophysin (Syp) and brain-derived neurotrophic factor (Bdnf) transcripts were decreased in sham-ATX compared to sham-WT mice (Table 4) .
In WT mice, TAC induced ipsilateral brain inflammation (increased GFAP staining (Fig. 9a) , higher Tnfα and Il1β expression (Table 4) ), senescence (higher p21 and p16 expression (Table 4) ), and oxidative stress (increased DHE staining (Fig. 9b ) and higher Nox2 and Nox4 expression (Table 4) ) and reduced Syp expression (Table 4 ) compared to sham-WT. In ATX mice, TAC increased ipsilateral brain inflammation (increased GFAP staining (Fig. 9a) ), further increased oxidative stress and damage (higher Nox2 expression, lower Sod2 expression (Table 4 ) and increased DHE staining (Fig. 9b) ) and lowered senescence (lower p16 expression (Table 4 )) compared to sham-ATX. TAC also induced a decreased in the expression of the Psd-95 synaptic marker (Table 4) .
Discussion
This study aimed to demonstrate the causal contribution of vascular risk factors on the incidence and the progression of cognitive decline in middle-aged mice. We found that 1-year-old ATX mice that cumulate dyslipidemia, aortic plaque, mild hypertension, central vascular stiffness and elevated pulse pressure exhibit early cognitive impairment. We also found that ATX mice are characterized by multiple cerebrovascular dysfunctions: compared to WT mice, whole brain hypoperfusion, in particular in the regions of the cortex and the hippocampus, micro-hemorrhages and loss of microvessels were observed in association with cerebrovascular endothelial dysfunction and increased BBB permeability. Such cerebrovascular dysfunctions combined with vascular and parenchymal inflammation and oxidative stress could, altogether, reflect a disruption in the NVU and promote brain atrophy. In parallel, induction of isolated systolic hypertension by a TAC surgery in 1-year-old WT mice promoted cerebrovascular and brain damages reminiscent of the neurovascular phenotype of naïve ATX mice and induced cognitive dysfunction; these damages were magnified in TAC-ATX mice. Altogether, our data suggest that the critical step in NVU deregulation that lead to cognitive decline is the cerebrovascular injury generated by hemodynamic abnormalities induced by the isolated systolic hypertension (TAC model) and magnified in the presence of vascular risk factors (ATX mice). Vascular aging in humans is characterized by endothelial dysfunction and by stiffening of large arteries, systolic hypertension, and increased pulse pressure (Fleg and Strait 2012) . Stiffness of conductance arteries such as the carotid artery is strongly associated with cognitive decline in humans (Iadecola et al. 2016; O'Rourke and Safar 2005) . Accordingly, stiffening of carotid arteries associated with intimal thickening was observed in our model of atherosclerosis in ATX mice; interestingly, this remodeling did not affect the pial cerebral arteries of ATX mice at this age as suggested by the normal MCA wall thickness compared to WT mice. Endothelial dysfunction in the MCA, however, was present in ATX mice and was accentuated by TAC surgery, suggesting that an impaired endothelium is present before intimal thickening. Endothelial dysfunction is prematurely found in subjects with risk factors for CVD (Cai and Harrison 2000) and in patients with neurodegenerative diseases such as AD (Katusic and Austin 2014) . Accordingly, ATX mice develop prematurely the two hallmarks of vascular aging, endothelial dysfunction and carotid stiffening that may predispose them to early cognitive decline.
Microvessel rarefaction occurs in aging (Farkas and Luiten 2001) and is premature with CVD (Moore et al. 2015) . A recent study demonstrates that BBB impairment is prodromal of cognitive dysfunction in humans (Nation et al. 2019) . The disturbance in BBB function combined with microvessel rarefaction may contribute to cerebral hypoperfusion and cognitive decline observed in the brain of ATX mice and of WT-TAC mice. In ATX mice, TAC surgery worsened cerebral endothelial dysfunction and BBB disruption and augmented the incidence of micro-hemorrhages and loss of microvessels, accelerating memory and learning deficiencies. These damaging effects of TAC on NVU demonstrate that a vascular hemodynamic component directly contributes to cognitive decline, as we recently proposed (de Montgolfier et al. 2019) ; similar deleterious effects on NVU are observed in hypertensive atherosclerotic ATX mice, suggesting that the process could be promoted by hypertension, a strong vascular risk factor for brain injury Tucsek et al. 2017) .
The deterioration of the cerebral endothelial function leads not only to lower dilatory and barrier functions but also to a reduced anti-inflammatory function and antioxidant capacities (Toth et al. 2017; Toth et al. 2013) . These changes were evident in the brain of ATX mice: expression of inflammatory markers increased while oxidative stress-related damages accumulated in the brain. The latter were associated with a tendency of increased expression of free radical-generating enzymes in the microcirculation, and a clear increased expression in the parenchymal fraction of the brain in ATX mice. Hence, brains of middle-age ATX mice are suffering from a pro-atherogenic environment, a pro-inflammatory and pro-oxidant phenotype that can be mimicked in TAC-WT mice and accentuated in TAC-ATX mice. The aging brain exhibit a pro-inflammatory state mostly through microglial and astrocytic activation revealed by the production of pro-inflammatory cytokines (Godbout and Johnson 2009) . For example, marker of activated astrocytes GFAP is higher in the brain of old humans and rodents (Godbout and Johnson 2009 ). In many neurological diseases, a common feature of NVU injury is glial activation (Iadecola and Nedergaard 2007) . Inflammation is associated with ROS production and neurons are particularly sensitive to excessive oxidative stress, which lead to neuronal damage (Uttara et al. 2009 ). We previously reported that an early intervention with an antioxidant treatment prevented endothelial dysfunction and the rise in inflammation and oxidative stress in ATX mice (Drouin et al. 2011b; Gendron et al. 2010) , which was associated with a normalization of NVU and cognitive functions (Drouin et al. 2011a) .
The defects in neurovascular functions detected in sham-ATX mice were associated with a decrease in the volume of specific regions of the brain, mostly in areas implicated in learning and memory processes. It is known, indeed, that the size of the brain decreases with age (Harada et al. 2013 ) and affects both white and gray matter regions (Salat et al. 1999) . A drop in volume is most prominent in the prefrontal cortex and moderate in the hippocampus (Fotuhi et al. 2012) . The loss in white matter strongly correlates with hypertension and stroke (Kennedy and Raz 2009) , and CVD have been linked to hippocampus atrophy, which is prodromal to mild cognitive impairment, AD, and dementia (Fotuhi et al. 2012) . Nonetheless, this structural change cannot fully explain the decline in cognitive functions since 6 weeks of TAC surgery induced a significant loss of cognitive functions without affecting brain volume neither in ATX nor in WT mice; hence, volume restriction is likely the consequence of chronic stress on the brain vessels and parenchyma. Brain atrophy is linked to structural changes and loss of synapses in the nervous system is a key structural marker of aging (Masliah et al. 1993) , of hypertension (Tucsek et al. 2017) , and of neurodegenerative diseases (Bishop et al. 2010) . We observed a decrease in synaptophysin mRNA expression in the parenchymal brain fraction of ATX mice, suggestive of a reduced synaptic density. Moreover, Bdnf expression, a neurotrophic and survival factor required in learning mechanisms (Kaplan and Miller 2000) that is reduced with aging and in AD (Nagahara et al. 2009 ), was also decreased in ATX mice. In addition, TAC worsened inflammation and oxidative stress of the parenchyma of ATX mice. Collectively, these changes would disrupt cell-to-cell signaling in the NVU and induce hypoperfusion, leading to chronic neuronal stress; the chronic damage likely translates into a loss of glial cells and neurons that lead with time to cognitive decline and to smaller volume of highly Bused^areas of the brain.
The mechanism underlying chronic NVU dysfunction in aging ATX mice could be the progressive accumulation of vascular senescent cells. Senescent cells accumulate with aging and contribute to the general decline of the physiological functions and to the development of neurological (Bussian et al. 2018 ) and vascular diseases. In microvessels of ATX mice, p16 gene expression was higher, suggestive of the presence of senescent cells (Kuilman et al. 2010) . In contrast, after TAC surgery in both ATX and WT mice, p16 gene expression in cerebral microvessels decreased, a process associated with a concomitant apoptotic response (increased Bax/Bcl2 ratio). An increase in oxidative stress has been reported to promote senescence in the cerebral vasculature (Fulop et al. 2018) ; oxidative stressdependent damage could therefore stimulate the senescence damage response (increase in p16 expression) observed in microvessels of ATX mice, while TAC-induced severe damage would lead to apoptosis of microvascular cells (increased Bax/Bcl2 ratio). Nonetheless, TAC was associated with a reduced expression of the antioxidant defense enzyme Sod2 and a further increase in that of the pro-oxidative enzyme Nox2 in the parenchyma. Altogether, these data suggest that vascular senescence and apoptosis are part of a graded damage response, senescence in response to chronic low-grade injury (aging, dyslipidemia, mild hypertension), and apoptosis in response to a severe acute injury (TAC-induced hypertensive microhemorrhage) (de Montgolfier et al. 2019) . Most importantly, these series of events could contribute to the progressive decline in the volume of memory-associated brain areas with age, a phenomenon accelerated by vascular risk factors.
There are limitations to our study. One is the absence of female mice. Sexual dimorphism in vascular cognitive impairment and dementia is not well understood (Mielke et al. 2014 ) and this should be addressed in specific follow-up studies. In addition, our ATX mice are not only atherosclerotic but also hypertensive: are the cerebrovascular damage observed in 12-month-old ATX mice more related to severe dyslipidemia or to hypertension? We pose that the NVU disruption observed in ATX mice, largely mimicked in WT-TAC mice and aggravated in ATX-TAC mice, is dependent on the interaction between chronic hemodynamic stress and severe dyslipidemia (Bolduc et al. 2011 ).
In conclusion, we presented evidence that aging ATX mice recapitulate the phenotype of VCID; we demonstrated that vascular risk factors cause cumulative damages to the NVU in mice, leading to cognitive failure. In addition, we demonstrate that a cerebrovascular hemodynamic stress alone affects brain functions: indeed, in WT mice, TAC surgery generates the functional and molecular phenotype measured in sham-ATX mice, including cognitive decline (Fig. 10) . Similarly to what we observed in WT mice following TAC, which damage solely depends on high systolic blood pressure, middleage ATX mice spontaneously develop micro-bleeds, capillary rarefaction and senescence, hypoperfusion, and cognitive decline. In ATX mice, TAC aggravated both NVU injury and cognition without affecting brain area volumes, suggesting that it is the chronicity of the damage that determines brain remodeling. The present study shows that it is the age-dependent accumulation of small changes in cerebral functions at the cellular and molecular levels that interact and synergize to affect the ;hApoB100 +/+ ) mice prematurely develop cognitive decline associated with cerebral micro-bleeds, reduced microvessel density, and endothelial dysfunction. These alterations were associated with blood-brain barrier leakage, brain hypoperfusion, senescence and inflammation, and brain atrophy. Induction of severe systolic hypertension in wild-type mice altered both vascular and neuronal functions. Thus, vascular risk factors disrupt the NVU and contribute to premature cognitive failure outcome of cognitive dysfunction. Finally, our findings using ATX mice have clinical relevance: middle-age ATX mice could be used to test novel therapeutics and preventive approaches to alleviate the burden of VCID.
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